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Nevertheless # it is important to 


production prototype V/SXOL aircraft have been completed and others are nearing 
the flight test stage* considerable effort is being expended to adapt the 
research results to written specification for this class of aircraft. Beesmoe- 
^Stere .are -such- a great variety of V/STOL types iu^^^Mili^roblms cu^. 

introduced by oach^ ift e bvlouniy incompl e te * Nevertheless! it is important to 
translate as much of the research experience as possible into handling Qualities 
specifications at, an early date. The purpose of the specifications is to give 
Ihe operator some assurance that the mission capabilities of the aircraft, whan 
it is delivered, will not be unduly limited by its handling qualities and that 
the aircraft can effectively perform the mission for which it was designed. 

The handling qualities requirements necessary to allow vertical take off 
and landing fOr aircraft which differ radically from helicopters have been the 
subject of numerous investigations and dhcextensive bibliography would be required 
to list all’^of them. However, even research data obtained while hovering under 
visual conditions arc difficult to translate into meaningful specifications, 

A review of the tests indicates apparent differences bet wen simulator 
results and even between flight test data as obtained by different researchers, 



Very little is to be gained by trying to resolve all of the differences in 
results especially when flight and simulator 'data are compared* Bbwever, if we 
consider that the simulators have assisted in directing us to the important 
variables and then, look at the flight test results as being more definitive* we 
see that ve have come a long way towards defining the acceptable limits of 
several important control parameters for the visual hovering task* The develop- 
ment of VTOL aircraft other than helicopters has made it necessary to consider 
values of control power and rotary damping which were not always germain to 
helicopter designs and yet are of primary importance to the VTOL aircraft, The 
rotary mng provides' inherent pitch and roll damping mid relatively high control 
powers are obtained without sacrificing performance. However most VTOL aircraft 
will have very low rotary damping shout one or more axes without stability aug- 
mentation and it has been difficult' i#o design VTOL aircraft to the values of control 
power which were in most cases readily obtained on helicopters. 

’ ^ Several, well defined handling qualities limitations were encountered during 
the flight tests of the X~llA research airplane and several other VIOL aircraft 
while hovering in" visual flight conditions. He purpose of this paper is to 
describe some of these limitations and to compare the results with the available 
specifications for VIOL airplanes. ( } 

-Ih BESUUTS 

^s^iption of aircraft ; - The basic X-lb airplane shown, in figure 1 was 
modified by the HASA to provide it with Increased thrust* variable control power 
and variable angular rate damping about all three axes. Olds VTOL airplane is 
powered by two General Electric engines of 2200 lbs. "thrust with cascade 
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diverters in. the exhaust exits which allow the thrust to he vectored 90 ° to 
the engine rotational axis for hovering' flight » Dual reaction control jets at 
the wing tigs and at the tail are supplied with engine compressor bleed air to 
profide control, aments while havering and in very low- speed.f ■ One set 
of nozzles is mechanically connected to the control' stick and rudder pedals and 
the second Set is servo operated in response to signals from rate gyros and the 
pilot* a control position inputs through cockpit mounted potentiometers which 
allow independent variation of control power and damping about all three axes. 
Additional circuitry is provided to cancel the engine gyroscopic moments. 

Further details of this airplane and its control system are described in refer- 
ences X end 2 * 

Five pilots have flown this airplane through a wide range of control power 
and damping Characteristics and their opinions expressed in the Cooper rating 
scale were reported in 559 D- 1328 , She task involved was simply visual hovering 
which includes accelerating to about 20 knots in all directions in relatively 
light winds. For this reason the control power-damping boundaries obtained are 
very Close to a minimum operational requirement. Ihe boundaries for control , 
response about all three axes for the visual hovering task are shown in figure 2 . 

The 6,5 boundaries for each axis were determined in flight to be the minimum safe 
values of control power and damping even under the nearly ideal test conditions. 
Several accidents and near accidents which have occurred with, several test bed 
aircraft when operations were conducted beyond (with lower control powers 
the li m iting values presented in this figure. It should be mentioned however that 
the ym axis was the- from the safety point of view during these tests. 
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3ii order to ^tfaasf-Sfcm the results presented in reference 2 into handling 
^alitide ejeecwacwions « is generally necessary to express them in a simpler 
fora* One font that has been used is the helicopter Military Edification Jg§|* 
for covering control response. 

and a redaction ia rate dsnreinc as a function of the appropriate moment of inertial 
A 6-www U« «r one specification for roll response and the data Obtained from 
tte X-1& fiigxt tests is shown in figure 3. f&e present roll response requirement 
in reference 3 is 9S/(ofl000)V 5 degrees in 1/2 second! tower, a requirement 
fOr lateral displacgffiant after one second equal to or neater than 300 /{«m- 1000)^^ 
degrees to' been proposed mid this response requirement is shorn in figure 3. 

Since the- X*Xh Weighs 3800 pounds the roll response required by this specification 
for this airplane -falls in an area, which was determined from flight test to be 
acceptable for only limited operation for an aircraft of this weight. 

5be addition of the specification roll leaping requirement of 23 {I X )®*^ 
ft Ib/deg/seo- -still would provide only limited operational capability according 
to the flijgtt test results. 

Curing the development of this aircraft it was found to be necessary to 
increase the- lateral control power from slightly less than 1 radiaa/sac 2 to almost 
S rad/eec » Some adjustments ware made to the control Kmeitivity Which improved 
the controlabiiity but satisfactory lateral control was not obtained until the 
aircraft wsfti ptotfdad With the higher control power. 

It is- obvious that the helicopter specifications {ref. 3) which. »« r- > ' ftK - s ^ e 
the weight of the aircraft in determining its control power do not agree with the 
available VSOL aircraft test information for the roll axis. 


A comparison of the helicopter specification for longitudinal response 'while 
hovering also Indicates an inconsistency with the flight test results reported in 
reference 2. This comparison is shown in figure h* In this case, however, the 
military specifications requires considerably more response for a 5800 lb* air- 
craft such as the X-lb than the- test results indicate is necessary for normal 
operation. 

The level of damping augmentation required is much higher than is required for 
visual hovering as it also was for the roll axis. This level of damping might 
very well be required for certain missions but 'the specification appears to require 
this value for all normal operations. 

The results Of the X*lh stability and control flight tests also indicate 
•{figure k) 'that,- given adequate control power, visual hovering operation can be 
conducted even with aero rate damping about any axis and with only the basic air- 
plane damping (no damping augmentation) about all axes simultaneously. Flights 
in a 12,000 lb. vectored thrust VTOL strike fighter also verified that the damping' 
level provided by the basic- airplane need not be augmented and, in, fact, experience 
has shown that the control power and damping requirements for VFR hovering about 
all axes were the same for this 12,000 lb. aircraft as they were for the X-3& 

JS.V ! 

which weighed one-third as much* Two "direct conclusions can be reached from 
these flight tests in 'the 4>000 lb, to 12,000 Xb+ range# First,- the basic air- 
plane rotary damping is suffieinet for vertical take off - lan di ng and other VFR 
hovering operations* Second, no reduction in the control power required for normal 
operation was found due to the three -fold increase in weight although the specifi- 
cation for roll control power (fig. 5) indicates that a 50 percent reduction in the 



tost values should have been adequate* The lower values were tried on the 
heavier aircraft and found' to he insufficient, For these reasons it is believed 
that the reductions in- control power with increased weight allowed by the present 
specification could be misleading to the designer Of very heavy TO) aircraft. 
Several flight- tfcet ‘experiments are- being developed which it "is -hoped will provide 
us with .more definitive -results. hut they are complicated by the very large changes 
in weight which apparently will be - required in order- to. detect a change in the 
control requirements. It -is of interest to note that around simulators are of 
little value in this area. At this, noint it is. tempting to. shift our rational- 
ization to- a size 6r linear measurement instead, of the weight effect but again 
experimental results are not available for the hovering case. 

These, apparently very high control power requirements leave, the designer of 
a future 10i0,QQ0 lb. TO) .aircraft in somewhat, of a quan&ry since a*o tms gross 
weight and size the moments of inertia will be so high that the thrust required for 
control moments is Often. an undesirable large percentage of the- thrust required for 
lift* Fur&ermorey the cost of such .a venture is so . high that a purely imental 
aircraft is out of the. question,- ^n approach which has been suggested is to build, 
a large freaa work-in the .form of a cross having lift and control engines mounted 
at the end. of each arm* It i$ possible that signif leant information could be 
obtained from limited hovering tests to determine the influence Of size and inertia 
on the control response requirements by this method. _ It is easy -to' dismiss this 
scheme -out of hand; however, in the light of the results obtained- to date an effort 
of this type may be required to provide guidance to the designer of very large VTOL 
aircraft, 

The to+--«i ^ntrol power and rotary damping requirements have been emphasized 
because of : their-importance in meeting the response specif led 'In references- 2 and 3. 
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Other control conditions of course are important when overall handling' qualities 
are considered and flight test data are available lioh show the need, for . 
optimising control sensitivity, i.e., control .power per- inch of control dis- 
placement, reference and the velocity stability parameter Mu ..as reported 
in reference 5 * 

. - ihe flight tests of reference $, shove .that velocity stability is. 

the most desired condition when is near hovering flight and that increases- in 
velocity stability not only increase the pilot's control task hut the moments 
produced -by velocity also reduce the control power available for maneuvering. 

Small errors in. predicting the velocity stability of a TO)! aircraft, cab easily 
subtract from the control power available, for maneuvering therefore the levels or 
control power found' to he required from the X-lhA flight tests are in excess of * 
the requirements to trim' Aments produced by ’stability .and engine power changes* 
Height; controls In addition to 'thenced to control pitch, yaw, and roll 
of the VTGX* aircraft the pilot must; also control height which becomes independent 
of pitch .attitude and dependent on thrust 1 response as hovering flight is attained*- 
Studies of haieht control recuire&ent s. such -as reported in references 6 and ? Were 

conducted on simulators and provide an Indication pf the inf luence' on nilot oninioi 

, * : 
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of the important height control response parameters. Increases in both available 
thrust -weight ratio and damping from hear , zero levels were found to be desired and 
a collective type height control sensitivity of 'about *lg per -i noh approached the- 
Optimum value* The minimum levels of T/w and height rate damping" .were difficult 
to define because they" appeared to be so touch a function of the hovering task 
requirements. During recent studies using the Ames Height' Control Simulator, 
values of control power of less than X* 15 g-an& zero height rate damping' still. 
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allowd the havering steadiness requirements of reference 3 to be met even though 
the ability to change height and stabilise quickly had deteriorated* She- one 
parameter vbich resulted in p decrease in hovering steadiness: and vhich. creates 
a dangerous hei^rfc control situation me a large increase ih the first; order 
response of thrust to a step height control inputs 

The simulator “which “was used to investigate the effects of "the thrust 
response time Constant is show in -figure' $v lbs cab travel :is. ‘100 1 feet,- maxamum ■ 
velocity &20 feet/ see-, ? ' accelerations ’of * 9$ .J't/sec^ cm be -'attained** dEhe cat 
height is, controlled by a collective layer «,an& the. desired levels of response 
are “provided by, ah analogue computer** As of the tests of the thrust 

* - « r f ' , i 4 

time '-constant ‘are- show in figure 6 Wieh show the variation -in pilot rating' 
$$%&&& Scale) vrith increases' in the time constant, $hey wrf ba|ed\Oa the 
hovering ’steadiness requirements of reference 3* $hat is to hold height & 1 
"•with l/2 inch or loss of 'collective motion* :'A total f/W of 1*13 provided, and 

the collective sensitivity ws ,-lg per inch* fhe height* rate" damping van sere 
vhich represents a -more severe condition than most WOXi aircraft wuM have*. 
‘Increasing the time constant from zero to *3 second, caused h .noticeable- decrease 
in hovering steadiness. A value -Of *6 second caused over~con1^ol|ing and a value 
of 1*2 seconds required nearly' full' pilot attention* Heither condition met the 
specification for 'hovering steadiness; A time constant of 2-,t seconds resulted 
in a dangergn^MWs.tion,. largo excursions, in height occurred and/iE* pilots 
indicated that no attempt at flight, should 1 JbO made with this condition-, 

The time histories- of height ..control .input .and- cab response for f several test 
Conditions are show- in. figures 7 to 11. 
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The recrements for hovering steadiness of reference 3 are indicated on 
the figures as dashed lines*' When essentially aero time constant is present all 
the .requirements are' readily met as. is shown in figure 7* A thrust -response time 
constant of *3 second results in 'a ,ndticeable. increase in collective stick motion 
hut still leas' than the & 1/a inch allowed. . Height rate exceeded j&*l/2 feet ‘per 
second by a 'smail amount however pn the run illustrated, in figure 8 height was 
maintained within a few inches. At *& second all three steadiness' requirements 
were exceeded, or -had reached the 'specification limits.'. Further increases in the 
thrust response time constant resulted in -.a- general decrease in- hovering controll.. 
ability which is shown in figures 9 * XX*- The pilot opinion variation with this 
-toe constant shown -in figure 6 indicates that a maximum- of . seconds is the limi 
for normal operations ouu .3 seconds is required to meet the : existing speoificationf 

CQKCXiJOXKG MARKS 

Flight test 'data, has been presented’Wieh defines the VFE hovering' control 
power regu^^entd.ifor TO aircraft' in .ihe h^OOd lb. to 1 & 0 & li^weight class. 
There are large differences between this data .and the present military specif icatibi 
for helicopters, #q Significant differences in the” control power requirement* 
were noted, with a three-fold change in aircraft weight altboughihe ‘existing is4|iir 
fication allows a 30 percent reduction at the. higher weight, The tests indicate 
that further-investigations will be required at much higher weights and with' large: 
hovering test ' vehicles in order to provide more realistic guidance fbr the ^efsignej 
of very large VT01 aircraft, 

Mora than -10 pilots have flown the X-lhA jet lift VIOL aircraft, with zero rat< 
toping about each axis and with just the basic airplane - toping, about all axes 
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simultaneously* 'fasti* comments indicate that .given adetjuate control power* 
the unaug&ented airplane' is satisfactory' for ; visual ; hoveling operations* A 
brief investigation, of height control response on a moving base simulator indicated ’ 
that .hovering -steadiness' is markedly' effected by the first order thrust response 
time constant*' ' ^-pilots .felt that- only 'limited operation' should be attempted 
.with a thrust'* response time constant in excess of .second and -that' operation 
with a tine, constant exceeding 1.2 seconds will be dangerous* ihese limitations 
are in agreement with the hovering steadiness ' re^uirements-'-of the. military sped* 
fi cation for helaconters- 
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Figure 6,~~ Pilot opinion boundaries Tor rne im^imust first order 
time constant with a motion simulator. 
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Figure 7. 


— Hovering steadiness results with variations in thrust response 
time constant. 
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Figure 8. — Hovering steadiness results with variations in thrust response 

time constant. 
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»Figure. 9.—' Hovering steadiness: results with variations in thrust response 

time constant. 
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Figure I'O. — * Hovering steadiness results with variations in thrust response 

-time constant. 
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Figure ! I.— Hovering steadiness results with variations in thrust response 

time constant. 
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